Abstract-This paper presents a fast method for use in on-line voltage security assessment. The objective here is to quickly assess the effects of large numbers of contingencies (line outages) to determine the worst case. The methodology is intuitively focused on the relationship between a node voltage and the availability of reactive power in the local neighborhood, and it also takes advantage of other information from the power flow solution. The concept of electrical distance is introduced for choosing the corresponding voltage control area locally around the contingency event. For the calculation of post-contingency electrical distance and power flow, the computation efficiency can be achieved by utilizing many mature algorithms from Static Security Analysis (SSA).
I. INTRODUCTION
I N MODERN energy management systems, contingency screening and analysis are basic and important functions. In the last two decades, many efficient methods for handling static contingencies have been developed. Most of the methods utilize the system equipment limits (e.g., transmission line current limits) and system operational limits (e.g., bus voltage magnitude limits) to form the contingency ranking index [1] , [2] . In recent years, research attention has been focused on the dynamic contingency analysis, which requires much more computation to handle the differential equations. Voltage stability analysis, however, has been somewhat amenable to static (power flow based) analysis. In voltage stability analysis, the behavior of interest is more on a region (or subsystem) than a single bus or rotating machine.
Though many voltage stability indices are based on the eigenvalue analysis or singular value decomposition of the system power flow Jacobian matrix [3] , [4] , the prominent methods in voltage stability analysis are those that find the system load margin, especially when system contingencies are considered. Associated with the curve, the real power margin and with the curve, the reactive power margin are the two indices most used. To calculate the margin rapidly, Ejebe et al. [5] and Chiang et al. [6] proposed fast curve fitting methods to calculate the limit of the nose curve; while Greene et al. proposed a sensitivity based linear/quadratic estimation method [7] . Although the margin is more useful in the decision of interface flow limits and loading limits for voltage stability, it is not intuitively very correlated with local voltage performance. In contrast, the margin seems a better index for local voltage performance, which is why this is the most commonly used procedure for voltage studies. However, there is no literature on the fast calculation of margins. The traditional method to get the margin is the curve stress test [8] , which requires many repeat solutions of the power flow to get the curve for each bus. Another observation is that the calculations of either the margin is based on a predefined critical bus in the system, and the proper choice of such a bus is time consuming without an obvious choosing mechanism.
The recent work by Schlueter [9] provides another methodology for voltage stability analysis. Voltage instability problems are classified into two types: "loss of voltage control" and "clogging voltage instability." The concepts of voltage control area, reactive reserve basin and the corresponding index based on local (global) reactive reserves look particularly promising. However, for deciding the voltage control area, the computational burden in this method is severe since the curve has to be calculated for every bus in the system.
In our approach, the voltage stability problem is considered as more of a local problem rather than a system global problem, which means the reactive reserves in a specific area are considered to be the critical factor in determining the voltage stability. To quantitatively describe the meaning of "local," the concept of electrical distance developed in [10] is introduced into the method. Furthermore, when a contingency occurs, its effects on the system are related to the system topology or electrical distance from the contingency point to the points studied.
In this voltage stability assessment method, we try to take advantage of all the information concerning the base system condition as well as the contingency itself. The quantitative measurements like line flow, voltage magnitude and reactive reservation in the critical area (specified by the electrical distance from the contingency) are used to provide a complex index of the contingency severity. This method can easily adopt many mature algorithms developed for static security analysis and take advantage of the computational efficiency.
II. LOCALIZED CONCEPT AND ELECTRICAL DISTANCE

A. Localized Concept
It is well known that for most system contingencies, the effects of outages on the system are of a local nature, which means that the major effects of a perturbation are limited to a certain neighborhood close to the original perturbation point. This concept has been well exploited in static security analysis, from the concentric relaxation method [11] to the complete bounding method [2] . Since the major concern in static security analysis 0885-8950/00$10.00 © 2000 IEEE is the violation of system operational limits, like the thermal limits of lines and the upper and lower voltage magnitude limits at buses, it is not necessary to take into account the control relations between load buses and generation buses. The system is just divided into the inner subsystem near the contingency, the outer subsystem that is not affected and the boundary subsystem, according to the contingency and system topology. Then the situation in the inner subsystem can be scrutinized by using sparse vector techniques [12] .
In the study of voltage stability problems, we can also take advantage of the local nature of contingency effects. However, the local area (subsystem) studied must include the controlling buses (usually the generation buses) as well as those load buses that they control, and sometimes the boundary (interface) flow information. Thus, we may consider such a subsystem as a self-contained voltage control area with its reactive reserve basin. The contingency severity then can be studied based on the subsystem conditions. The problem then is how to properly define such a subsystem.
Since all the buses in one voltage control area should structural observability and controllability. have low impedance paths to each other, the electrical distance developed in [10] may be a good measure to decide the proper voltage control area.
B. Electrical Distance
Electrical distance measures the voltage interactions between different buses of the system. With the usual hypothesis of the active-reactive decoupled system, the reactive model is written as: or where is part of the power flow Jacobian matrix and is its inverse, thus a sensitivity matrix. Then the degree of voltage coupling between two buses can be defined by the maximum attenuation of voltage variations between the two buses:
where:
represents normalized voltage attenuation on bus with respect to the perturbation at bus.
In general, . In order to keep the symmetric property in the distance concept, electrical distance between bus and bus is defined as:
Function has the properties of real mathematical distance: it is positive, symmetric and it can't be shown that the triangular inequality is also valid if the system is not overcompensated.
From the point of view of information theory, the electrical distance defined above reflects the degree of coherency uncertainty between the two buses due to any system disturbance. It is also a good measure of system structural observability and controllability.
In practice, the sensitivity matrix can be approximated by the inverse of the system susceptance matrix , which is with the rows and columns corresponding to buses.
III. METHODOLOGY
Based on the localized concept of contingencies, we propose a method for voltage security assessment. In this method, only line outages are considered currently.
Since many mature high performance algorithms used in SSA can be easily introduced into the method, the proposed method is expected to have fast computation speed and small memory consumption.
A. Decision of Contingency Studying Sequence
This step fulfills the pre-filtering function for the method. In the on-line environment, it is not possible to study every case for the hundreds of potential contingencies. We must first decide on a subset of contingencies, which include only the most serious cases. This subset of line outages can be simply chosen according to the base case power flow results, and possible useful measures (used singly or in combination) are: a) Lines with large total flows (MVA); b) Lines with large reactive flows (MVAR); c) Lines connected to the bus with low voltage magnitudes. The criterion intuitively comes from the perturbation severity consideration. However, in voltage stability problems, since a line outage contingency changes the system topology, the postcontingency operating condition may be very different from the base case. Some serious cases then are masked by only using the above criteria. A suggestion for handling the problem is by adding some operator-predefined cases or choosing cases by some heuristic rules, for example, monitoring the changes on some critical interfaces.
B. Post-Contingency Study
For each line outage studied, calculate the post contingency power flow. Compensation methods can be used in post-contingency power flow calculations. Furthermore, since the severity index of a contingency is generated from the power flow results inside the voltage control area and its interface (usually this subsystem is a small portion of the total system), we can use the complete bounding method to get the power flow results for the subsystem rather than the total system. If the power flow diverges, then the case is selected as a severe case, otherwise: a) Calculate the electrical distance from the receiving end of the outage line to other buses. This can be formulated as follows: Let be the system impedance matrix. The electrical distance from bus to bus is defined by and in . For the outaged line, assume its sending and receiving ends are bus and bus respectively, and its branch admittance is . Then, the electrical distances from bus to other buses are defined by the th column and diagonal elements of the new system impedance matrix . Using the Inverse Matrix Modification Lemma (IMML), can be easily calculated as:
where is a column vector of all zeros except that the th and th elements are 1 and respectively, and is a constant calculated as:
The base case system impedance matrix is not stored; instead we only store the diagonal elements of and the decomposed factors of . In order to calculate the post-contingency electrical distance from the system impedance matrix , we only need to use one column and all the diagonal elements. By using IMML, it needs multiplications if the dimension of the impedance matrix is . Thus the computation time only increases linearly with size of the system. The total calculation time is in the order of one iteration of the fast decoupled power flow. b) Decide the voltage control area and corresponding reactive reserve basin: bus is chosen into the area if the condition is satisfied, where is the criterion to bound the area. As mentioned earlier, the voltage control area should include both controlling buses and controlled buses. Thus chosen here should reflect the controlling effects. So is decided by the electrical distance from bus to the controlling buses. Let and be the minimum and maximum electrical distance from to the controlling buses, then where is constant between 0 and 1, and it is system dependent.
The area selection criterion depends on the electrical distance and which can be obtained by searching the electrical distances to all controlling buses. Since the number of controlling buses is far less than the number of all system buses, the searching time is also reasonable.
Also, the controlling buses have to be within certain electrical distance to be effective. Thus, the area of interest stays relatively small even for very large systems. If the power flow computation is limited to only this area of interest, the computation time does not have to even increase linearly with the size of the system and instead can be almost constant [2] . c) In the voltage control area, calculate the complex index.
The index may consider the following factors: 1) the minimum voltage magnitude in the area, ; 2) the ratio of reactive generation to reactive limit, ; 3) electrical distance between contingency and th generator, ; 4) the ratio of reactive absorption with respect to the reactive load level in the area, . where are weighting factors. These factors and must be tuned for a particular power system by conducting off-line studies. According to the indices calculated above, generate the overall contingency ranking.
IV. APPLICATION TO TEST SYSTEMS
The proposed method is applied to two test systems, namely the modified IEEE 39 bus system (Fig. 2) and the IEEE 118 bus system. At the same time, the test is used to get the -margin for each contingency studied as a comparison. For these small systems, no pre-filtering process is used and all single line outages are considered in the contingency list, but the contingencies that may cause the system to split are not studied here.
The contingencies are ranked according to the method proposed here and this ranking is evaluated by the benchmark -margins calculated by the method. The tuning constants and are calibrated to match the results obtained by the stress tests. For the 39 bus system, the load center is around bus 8 and the area surrounding it is much more stressed than any other part of the system. Therefore, bus 8 is chosen as the monitor bus in the test. The results are listed as following (Table I) : the first column is the list of contingency (line outage) cases ranked according to severity; the second is ranking index (RI) given by the proposed method in decreasing severity order; the third and fourth are the -margin and corresponding critical voltage at bus 8 obtained from the test, respectively. If the post-contingency power flow diverges, the case is defined as fatal.
The results show that the ranking order produced by the proposed method is not exact but does capture the worst cases quite well. The collapse cases are identified from the nonconvergence of the power flow and are ranked first. All the severe cases are then ranked on the top. Contingencies not listed in Table I all have -margins larger than 160 Mvar, which is close to the base case -margin of 187 Mvar. As the -margins indicate, the ranking is not exact but conservative, that is, the severe cases are not ranked low. A conservative ranking method which always ranks the severest cases toward the top is a necessary requirement of an on-line contingency screen.
It should also be pointed out that this small (39-bus) system essentially has a single stressed area in only which a voltage collapse would occur. This makes the analysis simple because only a single bus needs to be monitored regardless of the location of the contingency. This makes the calculations simple and, for the same reason, the results more accurate. This is, however, not the case for the 118 bus system which is big enough to have different levels voltage stress in different areas. Thus, contingencies in different areas affect the voltages in different parts of the system differently. To test the ranking produced by the proposed method, the test must be conducted on the most affected bus. In Table II , the ranking is compared by listing the stressed bus, the precontingency -margin, and the post-contingency -margin at that bus. The 30 worst ranked contingencies among 167 single-line outages are listed in Table II . All contingencies ranked lower have post-contingency -margins of over 100 Mvars. This shows again that the method is indeed capable of capturing the worst contingencies.
The 30 worst contingencies, as in the previous test, is not in the exact ranking order but for this larger system the exact order is difficult to determine even with the more exact method. For example, the third ranked contingency appears to be ranked incorrectly as the post-contingency -margin at bus 38 is still 250 Mvars when the pre-contingency -margin at bus 107 was already at 100 Mvars. But the -margin at bus 38 drops from 430 Mvars to 250 Mvars because of the contingency indicating a very large drop of voltage support in the area around bus 38. What this indicates is that for a large system, a contingency may affect the neighborhood quite hard in terms of voltage support but some other area may still be worse off because its pre-contingency condition was already stressed. This shows that for large systems, contingencies that do not collapse the system are hard to compare as they may affect completely different areas in different ways.
V. CONCLUSION
In summary, we can see that:
1) The method is intuitively based on the relations between voltage and local reactive support, which is the main factor affecting the system voltage stability. 2) The method takes advantage of some of the fast solution methods developed for static contingency screening. This makes it comparable in speed to the methods in on-line use today for static security analysis. 3) In our method, the critical area is chosen adaptively using electrical distance concepts for very fast network calculations. In the worst case, when every contingency studied causes new reactive limit changes for controlling buses, it has to calculate one full post-contingency power flow and matrix-vector multiplications in the order of matrix dimension for each contingency. On average, the calculation is less than one full power flow per contingency. The calculation is thus faster than the curve fitting based PV method, for which 2-3 power flows are required [5] , [6] . Since the method also requires several power flows to obtain the curve for each contingency [8] , [9] , when the stress test is applied on a proper bus, the proposed method should be much faster.
